Local Changes in Eye Growth induced by Imposed Local Refractive Error despite Active Accommodation  by DIETHER, SIGRID & SCHAEFFEL, FRANK
Res., Vol. 37, No. 6, pp.659–668, 1997
0 1997ElsevierScience Ltd. All rights reservedPergamon PH: S0042-6989(96)00224-6 Printed in ?kat Britain
0042-6989/97$17.00+ 0.00
Local Changes in Eye Growth induced by
Imposed Local Refractive Error despite Active
Accommodation
SIGRID DIETHER,* FRANK SCHAEFFEL*l’
Received 4 March 1996; in revised form 17Jaly 1996
We have tested whether defocus imposed on local retinal areas can produce local changes in eye
growth, even if accommodation is available to clear part of the imposed defocus. Hemi-field lenses
were attached to little leather hoods that were worn by young chickens from day 11–15 post-
hatching. The lens segments defocused either the nasal or the temporal visual field, or covered the
full field. We found that negative lenses (–7.5 D) were incompletely compensated in all three cases
but caused significant myopia in the defocused parts of the visual field (differences to fellow eyes
with normal vision: nasal visual field –3.13 t 1.56 D, P < 0.001; temporal visual field
–4.02 i- 1.38 D, P < 0.001; full field –3.82 f 2.48 D, P = 0.01). Myopia was not enhanced if the
lenses covered the entire visual field. Positive lenses (+6.9 D) caused larger changes in refraction
than negative lenses and, again, there was no significant difference in the amount of induced
hyperopia in the nasal m- temporal retina, or in the amount of hyperopia with full-field lenses
(difference to fellow eyes with normal vision: nasal visual field +6.2 t 2.69 D,P < 0.001; temporal
visual field +5.95 f 2.22 D, full field +7.22 t 2.44 D, P < 0.001). To compare the shapes of the
excised eyes after lens treatment, we wrote a fully automated image processing program that traced
their outlines in digitized video images. We found that the shapes of the eyes treated with positive
lenses did scarcely differ from their fellow eyes with normal vision, indicating that hyperopia over
this 4 day period was caused mostly by choroidal thickening. Full field negative lenses produced
significant axial eye elongation; the effects of locally imposed defocus on eye shape were less
conspicuous and were significant only in some areas. That local compensation of defocus was
possible for both negative and positive lenses, suggests that the retina can recognize the sign of
defocus without accommodation cues. Even more striking is that the presence of accommodation is
apparently ignored since the drift in the plane of focus during accommodation does not disturb the
compensation process. We re-analyze previous experimental results that argue for different
mechanisms for deprivation myopia and lens-induced refractive errors. We propose that lens-
induced refractive errors are compensated by similar retinal mechanisms as the ones proposed by
Bartmann and Schaeffel [(1994). Vision Research, 34, pp. 873-876] to explain deprivation myopia.
The proposed mechanisms can integrate with long time constants over the spatial frequency content
in the retinal image while the viewing distances change, and control both choroidal thickening and
scleral growth. However, it turns out that the compensation of imposed myopia cannot be explained
if only one constant viewing is available. Apparently, there is more than a retinal blur detector to
guide refractive development. @ 1997 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION apparently control the growth of the underlying sclera
One of the most surprising results that emerged from without involvement of the brain (Troilo et aZ.,1987). On
studies on visual control of eye growth was that myopia the other hand, only one study has suggested that also
can be induced in local retinal areas if the retinal image is imposed hyperopia can produce local myopia and
degraded by frosted occluder segments (Wallman et al., changes in eye shape (Miles & Wallman, 1990). Miles
1987). Output of local retinal image processing can and Wallman raised chickens under low ceilings which
were covered with densely patterned and colored cloths.
The animals developed relative myopia selectively in the
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upper visual field. Miles and Wallman concluded that
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myopia” observed in pigeons (Fitzke et al., 1985) results
from such a mechanism. In a second study with lens
segments in tree shrews (Siegwart & Norton, 1993), the
results were less clear and it was concluded that both
myopic and hyperopic defocus promote axial elongation.
Accommodation makes local “measurements” of
refractive state difficult because some feedback from
the brain is required to separate a manifest refractive
error from accommodation defocus (Schaeffel & How-
land, 1988b). The situation becomes even more compli-
cated if different parts of the visual field have different
refractive errors. Even though the relative dioptric
distances between these areas remain about constant
during accommodation, accommodation cannot provide
the information necessary to adjust growth independently
in the different fundal locations. Two requirements would
have to be fulfilled for an accommodative mechanism to
work:
1. Accommodation would have to focus independently
in different retinal areas; and
2. To control eye growth locally, the accommodation
feedback loop would need efferent projections
which are retinotopically arranged.
Both assumptions are probably not valid. It seems,
therefore, unlikely that accommodation can play a role in
the local compensation of refractive errors. On the other
hand, some evidence exists that accommodation or other
central pathways are involved in the development of
myopia induced by negative lenses. Examples are that:
1.
2,
3.
Wildsoet and Wallman (1995) have found that
negative lenses are scarcely compensated if the
optic nerve is cut;
Refractive development after lens treatment is
coupled in eyes of mammals (MacFadden & Wall-
man, 1995; Hung et al., 1995); and
Kiorpes & Wallman (1995) have found that
amblyopia causes hyperopic refractive errors which
correlate with the amount of amblyopia.
Since we do not know what the role of accommodation
is in the development of refractive errors, several
hypotheses can be raised on the possible outcome of
experiments with locally imposed defocus:
1. If axial eye growth rates were indeed controlled by
signals derived from the average accommodation
tonus, local changes in refraction should not occur
with negative lens segments. Since the chickens
have to accommodate more if they use the part of
the visual field covered with the lens, their average
accommodation tonus should be higher than normal
but not as high as with full-field lenses. One would
then expect that an intermediate degree of myopia
develops with time with no refractive differences
across the visual field.
2. If accommodation could focus selective retinal areas
as can occur in fishes (Fernald, 1990), control of
refractive development by accommodation is pos-
sible even for different retinal locations. However,
3.
4.
centrifugal pathways to transmit the information on
the accommodation demand for the different retinal
areas must then innervate the posterior globe in
some topographic fashion. It has been speculated
that the choroidal nerves provide possible pathways
to carry this information (Schaeffel et al., 1995) and
they innervate a wide area of the choroidal coat
(Meriney & Pilar, 1987). However, we could not
find an indication that accommodation in chickens is
asymmetrical with respect to the optical axis
(Schaeffel, 1994). Hypothesis (2) was, therefore,
rejected based on these previous experiments.
If the effects of accommodation were ignored by
growth controlling circuits in the retina, local
control of refractive state could occur by a
mechanism proposed by Bartmann and Schaeffel
(1994). Since axial eye growth rates correlate with
the loss of retinal image contrast and high spatial
frequency content (Bartmann & Schaeffel, 1994),
hyperopic retinal regions would initiate more scleral
growth than myopic regions which, in turn, would
optimize refractive states for each retinal location
independently. The advantage of such a mechanism
would be that it works without accommodation cues
and also in the presence of dynamic accommoda-
tion. Hypothesis (3) would be supported if the
experiments showed that locally imposed defocus is
equally compensated as imposed full field defocus.
It could also be that locally imposed defocus is less
thoroughly compensated than full field defocus. In
this case, a combination of (1) and (3) would be the
most appropriate explanation, at least if eye move-
ments which blur the border between the defocused
and uncovered part of the visual field can be ruled
out as an explanation.
To determine the most likely hypothesis of the ones
listed above (14), we have raised chickens with negative
or positive lens segments in front of one eye. The lens
segments defocused either the nasal or the temporal
retina, or the entire visual field. The contralateral eyes
remained untouched and served as controls for the
refractions and eye shapes.
MATERIALAND METHODS
Animals and experimental protocol
Groups of seven chickens were raised in cages
(1OOX50 X45 cm) which were artificially illuminated
by 60 W light bulbs from above and which operated on a
12 hr/12 hr light/dark cycle. A radio was played to the
chickens during the light period because it was found that
they were then more relaxed. Chicks wore small leather
hoods from day 11 to day 15 (Schaeffel et al., 1988).
Lenses were attached to the hoods by velcro fasteners.
Lens segments of a height of 2/3 of the total lens diameter
were cut from –7.5 D and, +6.9 D glass lenses with
18 mm diameter (Edmund Scientific, Barrington, NJ,
U.S.A.) by the mechanical workshop of the hospital.
More than 50% of the horizontal visual field was covered
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FIGURE 1. Demonstration of the effects of deprivation, using the image processing programs that were dcvclopcd to trace
outlines of cxciscd eyes and to average their shapes. The averaged shape of’the cxpcrimcntal eyes that were deprived in the nasal
retina by bcmificld occluders (the beak would point 10the left in the figure) is enhanced by a thick line in those regions where a
significant shape difference exists to the control eyes with normal vision (outline of smaller eyes). The outlines of individual
eyes (“raw data”) are displayed in the boxes on the right. Their filenames arc listed on the left. The figure represents a “Screen
dump” of the computer monitor during the usc of our program.
by the lenses to reduce the probability that the chickens
viewed their environment preferably through the un-
covered part of the visual field by turning their eyes. Six
groups of chickens were used: two groups had full-field
negative or positive lenses and four groups were treated
with lens segments of either sign, covering either the
temporal or the nasal part of the visual field. An
additional group of five chicks was used to test the effect
of 6-hydroxy dopamine on the refractive compensation of
negative lenses. The treatment of the chickens adhered to
the ARVO resolution for the use of laboratory animals
and was approved by the University commission for
animal welfare (Az AK 2/91).
Measurement of refractive state across the horizontal
visual field
We used an automated version of infrared (IR)
photoretinoscopy (Schaeffel etal., 1994b). During the
measurements, chickens were held by hand in front of’a
video camera which was equipped with an IR photo-
retinoscope. An image-processing program written in
Lattice C detected the eye in the digitized video image
and measured the slope of the brightness profile through
its vertical pupil meridian. To be able to also record the
angle under which the refraction took place, the computer
program was expanded to measure the relative position of
the first Purkinje image on the cornea (the virtual image
of the IR photoretinoscope). Direction of gaze was
automatically determined from the displacement of the
Purkinje image with respect to the pupillary center. It was
found that an angle of fixation of 42 deg away from the
camera axis caused the Purkinje image to appear exactly
on top of the margin of the entrance pupil (Schaeffel et
al., 1994b). Pupil diameter was around 3 mm in the
chickens of the age range used. If the Purkinje image
appeared outside the pupil (for angles larger than 42 deg),
the pupil shape was elliptical enough to determine the
direction of gaze from the ratio of the horizontal to the
vertical pupil diameter. The latter procedure extended the
range of’possible gaze measurements to about 60 deg off-
axis. The program switched automatically from one
procedure to the other, depending on where the Purkinje
image was found with respect to the pupil center. The
angular resolution of the gaze measurements was limited
by inter-individual variability of the Hirschberg ratio
(Brodie, 1987) and/or by pixel size in the video image.
Since one pixel was equivalent to 0.1 mm, and 1.5 mm
displacement of the Purkinje image on the cornea was
equivalent to a 21 deg change in the direction of gaze,
the angular resolution of the procedure was about 3 deg.
The eyes of alert chickens could not be intentionally
aligned in defined directions. Refractions were,
therefore, collected in a random sequence for the
various directions of gaze; those which were within
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FIGURE2.(A)Refractivedevelopment(uppergraphs)andaxiallengths(lowergraphs)ofeyesthatweretreatedwithfull-field
negative(–7.5 D)lenses(middle)or lenssegments(leftandrightgraph),startingonday11.In theplotswithpartialdefocus,
refractionsmeasuredin theangularrangebetween30 and60de.goff-axiswerepooled.Notethat theamountof myopiathat
developed was similar in all cases. Axial length data were determ~ned by A-scan ;hrasound and could, therefore, be-m; asured
onlyon-axis.Notethatthechangesinaxiallengthsweresimilarin thethreecases.(B)Refractivedevelopment(uppergraphs)
andaxiallengths(lowergraphs)foreyestreatedwithpositivelenses(+6.9D).Plotsas in (A).Notethatpositivelenseswere
moreefficienthannegativelenses.Significancelevels:*P <0.05, **P<0.01, ***P<0.001.
~5 deg of the horizontal plane were used for Figs 3
and 4.
Measurement of’ocular dimensions in alert birds
A modified A-scan ultrasound apparatus (Echo rule,
3M) was used as previously described (Schaeffel &
Howland, 1991) to measure axial length (here: the
distance from the corneal apex to the surface of the
retina).
Measurement of the shapes of excised eyes
At the end of the lens experiments on day 15, chickens
were killed by an overdose of ether, the eyes were quickly
enucleated and freed from extraocular tissue. They were
then placed on a frosted glass platform and were aligned
so that the horizontal equators of the eyes were parallel to
the glass plate. The platform was diffusely illuminated
from below. A video camera, equipped with a 105 mm
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FIGURE .3.Individual refractions measured across the horizontal visual field on day ] 1, 13, and 15 fOr ful]-fic]d n~galiVe 1enSeS
(middle) or Icns segments (left and right panel). Data of individual chickens are not identified to illustrate the over~l variability
of the refractions. The data in the bottom row (day 15) that reside inside the boxes (3(>60 deg of the peripheral visual field) were
used foi sta[islicid comparison uf cunkol (0) and Iens-tlcatcxf eyes (0; significance levels as in Fig. 2). In addition, the
refraction data were fit by linear regression. There was a highly significant correlation (P <0.0001, see text) between the angle
in the visual field (abscissa) and the rcflactimrs (ordinate) in all cases where the eyes were treated with lens segments but not in
CYMtrcat~d with fuI1-fi~ldl~nsM or CYCSwith normal vision.
lens and several extension tubes 10 minimize effects of
the parallax, captured a highly magnified image of’ the
eye from above. Due to the bright background, the
outlines of the eyes bad high amtrasl with 1espect to the
background. A simple edge detector program written in
Borland C++ traced the outlines of the eyes. Cartesian
coordinates of the pixels that formed the outlines were
stored in a file. To average outlines of different eyes that
had undergone the same treatment, it was necessary to
convert the Cartesian coordinates into polar coordinates
(Fig. 1). The origin of the polar coordinate system was
placed on the optic axis of the eyes, at a Uislance ot’85%
of its total axial length from the retinal surface (Wallman
et al., 1987). The program pooled polar data at angular
intervals of 2 deg and averaged their radii. Standard
deviations were automatically determined and are plotted
in Figs 1 and 5. Two sets of outline data could be loaded
into the program with up to 30 eyes for each; significance
levels for differences in eye shape were automatically
determined at 2 deg intervals by an unpaired t-test. If
significance levels were P <0.01 or better, the display of
the outline was enhanced by a thick line (Figs 1 and 5).
Prior to the experiments with lens segments described in
this papel, lhe I-eliability of the procedure was tested by
repeating experiments by Wallman et al. (1987) in which
deprivation myopia was locally induced (the chickens
originated from another study). The display showed
convincingly the effects of local deprivation on eye
growth (Fig. 1).
Statistics
To compare refractions and axial lengths of two
differently treated eyes of the same animals, paired t-tests
were used (Fig. 2). To compare group data, unpaired t-
tests were used (remaining figures).
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FIGURE 4. Same plot as in Fig.3, forthetreatmentwithpositivelenses.
RESULTS
Development of refractive error and axial length
All chickens developed significant refractive errors
and changes in axial lengths both if the lenses covered the
entire visual field or only parts of it (Fig. 2). To compare
the development of the peripheral refractive states to the
refractions on-axis, data collected between 30 and 60 deg
away from the axis were pooled for both the nasal or
temporal retina. They are plotted in the first rows both of
Fig. 2(A) (negative lenses) and Fig. 2(B) (positive
lenses). At the end of the lens experiment on day 15,
there was no significant difference between the amount of
myopia induced with full-field lenses or with hemifield
lenses [Fig. 2(A)]. For the developmental data presented
in Fig. 2, axial length was measured by A-scan
ultrasound; accordingly, all “axial length” data represent
measurements along the axis of the eye. It is striking that
both full-field lenses and lens segments affected axial eye
growth to a similar extent [Fig. 2(A and B) lower rows].
Negative lenses were less efficient in changing refractive
states than positive lenses. The” increase in myopia in
retinal areas treated with negative lenses was
–4.02 t 1.38 D (mean t SD; nasal retina defocused;
n = 7, P < 0.001), —3.82 ~ 2.48 D (full-field defocus;
n = 6, p = 0.01) and –3.13 t 1.56 D (temporal retina
defocused; n = 7, P < 0.001). The increase in hyperopia
with positive lenses was +5.95 ~ 2.22 D (n =7,
P < 0.001), +7.22 t 2.44 D (n = 6, P < 0.001), and
+6.21 ~ 2.69 D (n = 7, P < 0.001) for the respective
retinal areas. Accordingly, negative lenses (–7.5 D)
were, on average, compensated to only 49V0, whereas
positive lenses (+6.9 D) were compensated to 94%. A
similar pattern emerged for the axial length changes
(axial length: distance from the corneal apex to the
vitreo-retinal interface). Negative lenses caused axial
elongation of +0.18 ~ 0.11 mm (nasal retina defocused),
+0.26 + 0.16 mm (full-field defocus), and +0.15
f 0.16 mm (temporal retina defocused). Positive lenses
resulted in shorter axial lengths by –0.24 t 0.13 mm,
–0.34 ~ 0.04 mm, and –0.23 + 0.11 mm, respectively.
From the axial length changes it can be calculated that,
for positive lenses, a one diopter change in refraction was
on average equivalent to a 47.2pm change in axial length
and, for negative lenses, to a change of 68.1 pm. The
value calculated from a schematic eye of the chicken with
9 mm axial length is lower (33 pm/D; Schaeffel &
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FIGURE 5. Shapes of eyes treatwl with lensesor Icns segments as determined by the image processing program that was
developed to trace the outlines of excised eyes. If differences in shape were significant at P <0.01 or better, the outlines were
enhanced by thick black lines (see arrows). Note that significant elongation occurred with negative lenses (A) in the retinal
regions which were defocused, but that Iittlc changes arc visible in the external shapes of the eyes treated with positive lenses
(B). Since the changes in refraction were significant also in (B) (Figs 2 and 4), they must result from choroidal thickening.
Howland, 1988a), indicating that other optical compo-
nents in the eyes may also have changed.
Development of the refractions across the horizontal
visual jield
The distribution of refractions across the horizontal
visual field is shown for different ages in Fig. 3 (negative
lenses), and in Fig. 4 (positive lenses). Refractions from
different individuals are plotted with the same symbols to
illustrate the overall variability of the lens effects. Soon
after application of the lenses, the refractions of the lens-
treated and control eyes began to separate. At day 15,
control eyes differed significantly from the lens-treated
eyes; however, the differences were restricted to the
defocused retinal areas. Refractions in the eyes treated
with lens segments changed smoothly across the visual
field, probably because the borders between the lens-
treated and the uncovered parts of the visual field were
blurred by eye movements. Two statistical tests were
employed to verify that refractions were locally adapted
to the lenses. Firstly, the refractions of the control eyes
and the lens-treated eyes were compared in the peripheral
visual field by unpaired t-tests. Data from an angular
range from 30 to 60 deg were pooled (indicated by boxes
in Figs 3 and 4). In the retinal regions defocused by
lenses, the refractions differed at a significance level of
P <0.001 in all cases (Figs 3 and 4). In the regions with
normal vision, at day 15, the refractions differed in two
cases (F’<0.05, left panel on Fig. 3 and P <0.01, right
panel on Fig. 4). Secondly, the refractions across the
horizontal visual field were fit by linear regressions
(Figs 3 and 4). Data of eyes treated with lenses are
indicated by heavy lines, control eyes by thin lines. The
following equations were obtained for negative lenses:
nasal retina defocused: refraction (y) = 0.288+
0.03*angle (x), R = 0.589, P < 0.0001; control: y = 3.49
+ 0.004*x, R = 0.033, NS; temporal retina defocused:
y = 2.375 – ().045*x, R = 0.733, P < 0.0001; control:
Y = 4.4~~ + 0.00448, R = 0.055, NS; full field defo-
cused; y = 0.652 + 0.005*x, R = 0.11, NS; control: y =
4.452 + 0.0048*x, R = 0.059, NS. For positive lenses,
the following equations were obtained: nasal retina defo-
cused: y = 6.24 – 0.067*x, R = 0.691, P < 0.0001;
control: y = 3.01 + 0.011, R = 0.301, P < 0.01;
temporal retina defocused: y = 7.744 + 0.05042*x,
R = 0.552, P < 0.001; control: y = 2.749 – 0.005*.x,
R = ().103, NS; full field defocused: y = 11.324
– 0.0056*x, R = 0.077, NS; control: 3.268 + 0.005*x,
R = 0.092, NS. It can be seen that there was a highly
significant correlation between refraction and angular
position in the horizontal visual field but no correlation in
the control eyes or eyes treated with full field lenses.
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Eye shapes
The most prominent effects on eye shape were detected
with full-field negative lenses [Fig. 5(A), middle]. The
differences in shape were significant at the P <0.01 level
or better in all regions where the outline is enhanced by a
thick black line. The difference in axial length as
measured by the video program [Fig. 5(A): about
0.35 mm] is slightly larger than the difference measured
by ultrasonography [Fig. 2(A); 0.26 mm]. A possible
explanation is that the choroid or other fundal layers may
have temporarily increased in thickness. Negative lens
segments caused smaller changes in eye shape which
were significant only in some areas (denoted by arrows).
However, all negative lenses caused increased scleral
growth. Positive lenses [Fig. 5(B)] changed eye shapes
only in one condition where the lens-treated eyes became
shorter (left, nasal retina defocused). In the other cases,
no differences were observed between lens-treated and
control eyes despite the fact that prominent changes in
the refractions were measured [Fig. 2(B) and Fig. 4]; the
most probable explanation is that changes in choroidal
thickness (Wallman et al., 1995) caused the apparent
changes in “axial length”, and in refraction.
DISCUSSION
The role of accommodation in the development of myopia
Previous experiments in chickens have suggested that
accommodation plays no role in the development of
hyperopia induced by positive lenses. Wildsoet and
Wallman (1995) have found that positive lenses are still
compensated after optic nerve section and Wallman et al.
(1995) observed that choroidal thickening, the initial
stage of compensation of myopia, can occur in local
retinal areas. On the other hand, it has been assumed
(Wildsoet & Wallman, 1995; Schaeffel et al., 1995) that
myopia induced by negative lenses is caused by signals
derived from the accommodation feedback loop. If this
were true, locally imposed hyperopia by negative
lenses should not be compensated by local changes in
growth. Instead, a global shift in refractive state is
expected that is intermediate, but of opposite sign,
between the imposed refractive error and the refractive
error of the uncovered part of the visual field. To test the
hypothesis, we have raised chickens with lens segments
that covered only parts of the visual field. It must be noted
that our hypothesis relies on the assumption that
accommodation is radially symmetrical with respect to
the optical axis and cannot compensate selectively for
defocus in restricted retinal areas. Previous experiments
in chickens (Schaeffel, 1994) have provided support for
this notion.
The results of our experiments with lens segments
clearly rejected the hypothesis: even in the presence of
functional accommodation, defocus restricted to parts of
the visual field caused local and predictable changes in
refraction. Even more striking, the magnitude of the
effects was not different for full-field defocus and for
defocus in only parts of the visual field. Therefore, the
results even rule out that a combination of local and
central mechanisms was operating to produce local
adaptation of refractive state. Furthermore, they suggest
that accommodation is entirely ignored by retinal
mechanisms that control scleral growth. It is clear that
this view is in conflict with our recent model (Schaeffel et
al., 1995). This model rested, in part, on results of
experiments by Wildsoet and Wallman (1995) in which it
was found that an intact optic nerve is necessary for
compensation of defocus imposed by negative lenses. In
light of the current findings, it seems now unlikely that
the compensation was disturbed because the accommo-
dation feedback loop was interrupted. Rather, it could be
that severing the optic nerve causes degeneration of
retinal or choroidal cells that were necessary to
compensate negative lenses. To summarize, there is only
little evidence remaining to support a role of accom-
modation in the development of defocus-induced myo-
pia. Also the yoking of refractive development in
mammals, either complete (guinea pigs; MacFadden &
Wallman, 1995) or incomplete (rhesus monkey; Hung et
al., 1995) cannot be explained without interocular
communication but this must not necessarily relate to
accommodation. The development of hyperopia in
amblyopic eyes (Kiorpes & Wallman, 1995) could be
the result of signals from the brain to the eye but it could
also be caused by inherent focusing problems. In the
latter case, the problem of hyperopia development would
be returned to the eye itself. One result remains
unexplained, however, if similar mechanisms for depri-
vation and lens-induced refractive errors are postulated:
deprivation myopia develops normally if the optic nerve
is cut (Troilo et al., 1987) but myopia with lenses is
suppressed (Wildsoet & Wallman, 1995).
Is there biochemical evidence for two different mechan-
isms for deprivation-induced and lens-induced refractive
errors?
If it is assumed that mechanisms for deprivation
myopia and negative lens-induced myopia share common
pathways, it must be explained why 6-hydroxy dopamine
(6-OHDA) or continuous light (Bartmann et al., 1994)
blocked deprivation myopia but not “lens-induced
refractive errors” (Schaeffel et al., 1994a). In both
cases, deprivation myopia was suppressed whereas there
was still a highly significant difference between eyes
treated with positive lenses and eyes treated with
negative lenses. Based on this observation, it was
concluded that “lens-induced refractive errors” and
deprivation myopia are based on different mechanisms
(Schaeffel et al., 1994a). A missing experiment was,
however, to test whether negative lenses were still
equally efficient as those without 6-OHDA. The power
of the negative lenses used in these studies were quite low
(–4 D) so that a reduced efficiency of the negative lenses
might have gone unnoticed. Therefore, we have added
another experiment in which it was tested whether
6-OHDA can impair the compensation of negative lenses
of higher power (–7.5 D). After binocular intravitreal
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injection of 150 pg 6-OHDA on day 13, one eye was
covered with a negative lens and the other eye served as
control. After 2 days, the difference in axial lengths was
–0.016 + 0.05 mm (n = 5, NS) and, after 4 days, it was
0.”12~ 0.13 mm (n = 5, P < ().05). The group of chick-
ens from the current study which had undergone the same
lens treatment protocol but without injections showed a
difference in axial lengths of 0.12 mm +0. 11 mm (n = 7,
P <0.0.5, day ~) and 0.26 ~ 0.15 mm (1’< 0.01, day 4).
Some inhibitory effect of 6-OHDA on negative lens
induced myopia is obvious; it was statistically confirmed
by comparing the axial length changes in both groups:
without 6-OHDA, the changes were larger than with
injection (P <0.02 on day 2, but not significant on day 4;
unpaired t-tests).
Another neurotoxin, reserpine, that depletes both
dopaminergic tmd serotoninergic cells, blocked both
deprivation myopia and lens induced myopia (Schaeffcl
et al., 1995) bu[, again, had no effect on the compensation
of positive Icnses. It is clear that the compensation of’
positive lenses occurs independently from dopaminergic
transmission whereas the development of myopia both
with occluders anci lenses is reduced or suppressed by 6-
OHDA and reserpine. Two different tissues arc the
targets for the compensation: the chori(d for pf~sitive
lenses. and the sclera for negative lenses (and for
deprivation myopia). While we do not yet know whether
our hypothesis on the retinal image processing for control
of refractive ~icvcloprnent is correct, the targets for
refraction changes, sclera and choroici. arc apparently
dependent on different transmitter- systems. in conclu-
sion, both myopia induced by depri~atiorr and hy
negative lenses seem to involve dopaminergic pathways.
Possible explwutiotls ,f(~r how local rt~)(t(ti~(’ cwnjx’tl-
sution could occur
From our experimental results, hypotheses ( 1), (2). and
(4) raised in the Introduction can bc ruicd out. Since
negative and positive defocus caused opposite refraction
changes and was obviously Lfistinguishcd even in local
retina] areas, there is no doubt that the sign of dcfocLJs
was also recognized. This occurrence requires an
explanation. Since deprivation myopia correlates cluanti-
tatively with the amount of retinal image dc.gradation.
Bartmann and Schaeffel ( 1994) have proposed the retina
can measure the average image contrast and spatial
frequency content with a long time constant. Theoreti-
cally, a mechanism Iike this can provide information on
the sign of defocus as long as the intcgratiort times are
long enough to sample different viewing distances.
Depending (~n whether a retinal area is relatively
hyperopic or myopic, the image is blurred all the time
(in the event of hyperopia) or blurred only for vision at a
distance (in the event of myopia). Therefore, the sclcra
would grow more in the hyperopic regions than in the
myopic regions, thereby reducing refractive errors. It is
clear that this kind of image analysis would also work for
restricted parts of the visual field. As noted above. it is
necessary that the amount of defocus blur can be
memured for different viewing distances. The integrating
mechanism is, therefore, different from instantaneous
blur detectors that drive accommodation. It is clear that,
without accommodation, the mechanism cannot achieve
i condition where the blur is zero but rather only a
relative minimum when the refractive state matches the
;average of all viewing distances. Also, in reality, the
optimal refraction is emmetropia and not the dioptric
equivalent of the average viewing distance. The con-
siderations imply that different viewing distances are
required for the proposed mechanism to work. One would
then expect that lenses cannot be compensated if the
viewing distances are kept constant and if the imposed
defocus blur is equal for lenses of different sign. By
exposing chickens to a constant viewing distance of
33 cm in a drum and using lenses that placed the plane of
focus 5 D behind and 5 D in front of the walls of the
drum, Diether (unpublished observations, 1996) has
tested this hypothesis. Surprisingly, it was found that
the chickens still compensate lenses of both signs almost
normally. It is quite confusing that myopia imposed by
positive lenses was also compensated. The blur from
myopic def’ecus should have produced deprivation and an
increasing amount of myopia. Instead, the eyes stopped
growing and became hyperopic. Currently we are far
from understanding how the retina can determine the sign
of defocus. Apparently, there is more than a mechanism
to quantif’y blur over time. It is annoying that this basic
question cannot be answered since it would resolve the
inherent confusion of whether refractive errors should be
over- or undcrcorrected. If myopia development were
determined tmainly by retinal image blur, full optical
correct ion would bc the logical consequence. If the retina
coulci (ietcrmine the sign of Lfcfocus(as suggested by the
experiments by Dicther), myopia cicvclopment should be
slowed down hy undcrcorrection because the image is
Lhenin front of’[be retina.
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